(Received 7 June 2010; published 21 September 2010) This paper reports results from a search for ! e transitions by the MINOS experiment based on a 7 Â 10 20 protons-on-target exposure. Our observation of 54 candidate e events in the far detector with a background of 49:1 AE 7:0ðstatÞ AE 2:7ðsystÞ events predicted by the measurements in the near detector requires 2sin 2 ð2 13 Þsin 2 23 < 0:12ð0:20Þ at the 90% C.L. for the normal (inverted) mass hierarchy at CP ¼ 0. The experiment sets the tightest limits to date on the value of 13 for nearly all values of CP for the normal neutrino mass hierarchy and maximal sin 2 ð2 23 Þ. Observations of neutrinos created in the Sun, in the Earth's atmosphere, at nuclear reactors, and by accelerators provide compelling evidence that neutrinos experience quantum mechanical mixing of their weak flavor states [1] [2] [3] [4] [5] [6] [7] . The resulting neutrino oscillations imply that neutrinos have mass and can be represented in either mass or flavor bases, related by the 3 Â 3 PMNS neutrino mixing matrix [8] . This matrix parametrizes the mixing amplitude using three angles ( 12 , 23 , and 13 ), two Majorana phases [9] , and a phase ( CP ) that could give rise to charge-parity (CP) violation in the lepton sector. The oscillation probability depends on the differences in the squared masses of the neutrino states and the ratio (L=E) of the distance the neutrino travels to the energy of the neutrino.
In MINOS, the larger mass splitting dominates, and oscillations are manifested primarily as the energy dependent disappearance of muon neutrinos. MINOS has set the most precise measurement of the mass splitting jÁm 2 j ¼ ð2:43 AE 0:13Þ Â 10 À3 eV 2 [7, 10] and requires sin 2 ð2 23 Þ > 0:9 at the 90% confidence level (C.L.). At this mass splitting scale, it is expected that the are changing predominantly into ; however the subdominant ! e transition mode is not excluded [1] . Such transitions would indicate a nonzero value of 13 , the unknown angle of the PMNS matrix and could open the possibility of observing CP violation in the lepton sector. In this paper, we report new results from the search for ! e transitions.
The most stringent constraint on 13 , from the CHOOZ reactor experiment [11] , implies sin 2 ð2 13 Þ < 0:15 at the 90% C.L. for the value of jÁm 2 j measured by MINOS. However, a recent global analysis of oscillation measurements hints at a nonzero value for 13 [12] . The CHOOZ limit is based on a measurement of the probability for electron-antineutrino disappearance. MINOS measures the probability of electron-neutrino appearance, which additionally depends on sin 2 23 , CP , and the sign of Ám 2 . MINOS is the first experiment to probe sin 2 ð2 13 Þ with sensitivity beyond the CHOOZ limit. An initial measurement with 3:14 Â 10 20 protons-on-target (POT) yielded 35 observed e -like events with an expected background of 27 AE 5ðstatÞ AE 2ðsystÞ events [13] . This 1:5 excess of events is consistent with a value of sin 2 ð2 13 Þ near the CHOOZ limit. The present analysis is based on an integrated exposure of 7:01 Â 10 20 protons-on-target and includes the data set from the previous analysis.
In MINOS, interactions of neutrinos produced in the Fermilab NuMI beam line [14] are observed in two detectors: a near detector (ND) with a 29 t fiducial mass 1.04 km from the production target and a far detector (FD) with a 4 kt fiducial mass 735 km from the target. Both detectors are magnetized tracking calorimeters, composed of planes of 2.54 cm thick steel and 1.0 cm thick scintillator (1.4 radiation lengths per plane). The scintillator planes are segmented into 4.1 cm wide strips (1.1 Molière radii) [15] . The high statistics data set collected at the ND establishes the properties of the mostly beam before oscillations. The signature of ! e oscillations is an excess of e interactions in the FD relative to the expected background based on the ND observation.
Neutrino flavor can be identified in charged current (CC) interactions by the event topology produced by the associated charged lepton. Muons deposit energy consistent with a minimum ionizing particle that can be tracked through successive detector planes (a track). Electrons, on the other hand, deposit energy in a relatively narrow and short region (an electromagnetic shower). Additional detector activity can be produced by the breakup of the recoil nucleus and other particles produced in the interaction.
In this analysis, the dominant backgrounds to e -CC events are neutral current (NC) interactions and -CC interactions with low-energy muons. These interactions can produce signatures that are similar to those of e -CC events, especially when the hadronic system includes a 0 . An irreducible background arises from the 1.3% e þ " e component of the beam. This beam e background results primarily from decays of muons produced in pion and kaon decays. Their rate below 8 GeV is well constrained by the measured energy spectrum [7, 16] . Smaller background components come from cosmogenic sources and CC interactions of coming from ! oscillations.
Selection criteria are applied to events to isolate e -CC interactions and suppress backgrounds. Cosmogenic backgrounds in this analysis are reduced to less than 0.3 events (90% C.L.) in the FD by applying directional requirements and requiring the events to be in time with the accelerator pulse. Selected events must have reconstructed energy between 1 and 8 GeV and a reconstructed shower. The event must include at least 5 contiguous planes with energy depositions above half the energy deposited by a minimum ionizing particle. Events with long tracks are rejected. Further enrichment is achieved using an artificial neural network (ANN) with 11 input variables characterizing the longitudinal and transverse energy deposition in the calorimeter [17] . The variables used in the ANN are identical to those used in [13] , but the network was reoptimized over a sample of simulated events generated with a refined detector response model, improved event reconstruction, and better modeling of hadron scattering within the iron nucleus. Maximum sensitivity is achieved by selecting events with the neural network output above 0.7. Background rejection is improved by a factor of 1.2 over that reported in [13] for a similar signal efficiency.
The number of expected background events is determined from ND data. The extrapolation to the FD of each of the primary background components, -CC, NC, and beam e -CC, has a different dependence on oscillation probability and beam geometry and is treated separately. Individual background components are determined using three beam configurations, each with different relative background compositions. The first configuration is the standard one used for the appearance search. The hadron production target is located close to the first focusing horn, producing a neutrino beam peaked at 3 GeV. In the second configuration, the target is moved upstream from the horns causing higher energy hadrons to be focused and yielding a neutrino spectrum peaked at 9 GeV. In a third configuration the current in the focusing horns is turned off so no hadrons are focused. Consequently, the low-energy peak of the neutrino energy distribution disappears, and the selected event sample is dominated by NC events from higher energy neutrino interactions.
Data obtained in the above configurations and the simulated ratios of rates for each configuration are used to extract the three individual background spectra. The beam line, detector, and particle propagation simulation is based on GEANT3 [18] and the hadron production yields from the target are based on FLUKA [19] . Neutrino interactions and further reinteractions of the resulting hadrons within the nucleus are simulated using NEUGEN3 [20] . The predicted neutrino energy spectrum in every beam configuration is adjusted to agree with the ND -CC data [16] .
Data were collected during three run periods, each with somewhat different beam conditions. Most notably, during the third run period, the decay pipe was filled with helium at 0.9 atm for safety reasons. The background decomposition is performed as a function of neutrino energy and is done separately for each run period to account for the different beam conditions, a small, gradual target degradation, and detector aging. Figure 1 shows the energy spectrum measured in the ND for events passing the selection criteria and the extracted NC, -CC, and beam e -CC components. The ND background is ð64 AE 5Þ% NC, ð23 AE 5Þ% -CC, and ð13 AE 3Þ% beam e -CC events. The errors on the components are derived primarily from the data and are correlated due to the constraint that the background must add up to the observed ND event rate. This constraint also leads to a much reduced error on the FD prediction. A second decomposition technique was applied to verify the background components. This method uses -CC events with the muon track removed. The remnant hits are then processed through the standard analysis [13, 21] . This second method yields consistent ND background components.
After decomposition of the ND data from each run period into separate background components, each spectrum is multiplied by the ratio of FD to ND event rates in reconstructed energy bins based on the simulation for that component, providing a prediction of the FD spectrum in the absence of e appearance. Neutrino oscillations are included when predicting the FD event rate. The predictions are summed to give 49.1 expected background events, of which 35.8 are NC, 6:3 -CC, 5.0 beam e , and 2.0 [22] .
The efficiency for selecting e -CC events is estimated using remnants from muon-removed -CC events with a simulated electron replacing the muon. The embedded electron has the same momentum and direction as the removed muon. Test beam measurements [23] demonstrate that single electrons are well modeled in the MINOS detectors, and the selection efficiency of electrons agrees with the simulation to within 1.6%. With this method, we find our efficiency for selecting e -CC events to be ð41:6 AE 1:0Þ%.
Systematic uncertainties are evaluated by generating Monte Carlo samples in which systematic effects are varied over their expected range of uncertainty and quantifying the change in the number of predicted background events in the FD. Most of the dominant uncertainties arise from far/near differences. The principal systematic effects, listed in Table I , include (a) uncertainties in energy scale, (b) uncertainty in the near to far relative event rate, and (c) uncertainties in the nuclear hadronization and intranuclear scattering models. Other systematic error sources (d) including uncertainties in cross section models, beam flux, and the details of the detector simulation each contribute to the systematic error at lower levels. While uncertainties in the composition and kinematic distribution of the particles that emerge from the nucleus can be large, these and other uncertainties associated with neutrino interaction physics mostly cancel when comparing the ND and FD data. The use of the same materials and detector segmentation in the ND and FD is critical in achieving this error cancellation. The individual systematic errors on the expected background are combined in quadrature with the uncertainty from the decomposition of the background and a systematic error on the background to give an overall systematic uncertainty of 5.6% on the expected number of background events in the FD.
The expected number of background events and its uncertainty, along with all the analysis procedures are established before examining the full FD data set. Additionally, before counting events in the signal region of ANN > 0:7, two FD data samples are examined to check the expected event rate and the background rejection in the FD. To verify the expected event rate, the full decomposition and extrapolation method is applied to events well below the signal region (ANN < 0:5), giving a prediction of 313.6 events. We observe 327 events, consistent with the prediction to within 1. Background rejection is verified by examining muon-removed -CC events. In the FD ð92:8 AE 0:9ðstatÞÞ% of muon-removed events are rejected, in agreement with ð93:58 AE 0:05ðstatÞÞ% predicted from the ND data. Figure 2 shows the number of selected candidate events in the FD as a function of the ANN selection variable. The energy spectrum for the events in the signal region is shown in Fig. 3 . We observe 54 events in the signal region with an expected background of 49:1 AE 7:0ðstatÞ AE 2:7ðsystÞ, a 0:7 excess over the expected background. Similar results were produced by a cross check analysis that used a different neural network based on an alternate event reconstruction algorithm [24] . Taking into account the improved background rejection in the current analysis, this result is consistent with the earlier report, based on a smaller data sample. From that sample we now select 28 events with an expected background of 22:5 AE 4:7ðstatÞ AE 1:1ðsystÞ events. Figure 4 shows the values of 2sin 2 ð2 13 Þsin 2 23 and CP that give a number of events consistent with our observation. The oscillation probability is computed using a full 3-flavor neutrino mixing framework with matter effects [25, 26] , which includes a dependence on the neutrino mass hierarchy. Statistical and systematic uncertainties are included when constructing the confidence intervals via the Feldman-Cousins approach [27] . The variations of the values of jÁm 2 32 j, Ám 2 21 , sin 2 23 , and sin 2 ð2 12 Þ within their experimental errors [1, [5] [6] [7] are included in the computation of the contours.
In conclusion, we report improved constraints on 2sin 2 ð2 13 Þsin 2 23 from the search for e appearance by the MINOS experiment. The 54 events selected in the far detector are 0:7 higher than the expected background of 49:1 AE 7:0ðstatÞ AE 2:7ðsystÞ. Interpreted as an upper limit on the probability of ! e oscillations, our data require 
